Decision makers use bridge management systems to determine the optimal allocation of available resources. These systems are currently focused on the structural condition of deteriorating bridges with respect to traffic loads. Bridges, however, are affected by multiple hazards, such as flooding and earthquakes, and not only traffic loading. These multiple hazards should be considered in these management systems when determining the optimal intervention.
Introduction
Bridges are built to serve road users. The ability of bridges to provide an adequate level of service to the users may be compromised due to multiple hazards, such as traffic loading, flooding and earthquakes. Optimal bridge management strategies must be determined considering all of the hazards that may affect this level of service. By focusing on minimising the risk of having inadequate service, management strategies for bridges affected by multiple hazards, can be determined. This article gives the methodology to be followed for determining the optimal intervention for a bridge affected by multiple hazards.
Methodology
The risk of having inadequate service requires the estimation of the likelihood of inadequate levels of service as well as the consequences of having these inadequate levels of service. For example, on a two-lane bridge the risk of having inadequate service will require estimating the probability and consequences of closing one lane of traffic as well as the probability and consequences of closing both lanes of traffic.
The general methodology to determine the risk of having inadequate service is:
ț Identify hazards that may result in inadequate service, such as traffic loading, flooding and earthquakes, by visual inspection and engineering judgement. ț Identify failure modes for each hazard that will result in specified levels of inadequate service, such as full or partial bridge closure, by visual inspection and engineering judgement. (A failure mode is defined as
Nomenclature
A rebar area of tensile reinforcement b reinforcement bar number B total number of reinforcement bars corr rate of corrosion of the diameter of the steel reinforcement bar d int initial diameter of reinforcement fЈ R (r) prior resistance distribution fЉ R (r) posterior resistance distribution F t S (r) distribution function of the maximum action effect experienced up until time t FM failure mode G difference between the structural resistance and the action effects g R (t) change in structural resistance with respect to time g S (t) change in the action effect with respect to time g SDL (t) change in the action effect created by the dead load with respect to time g SLL (t) change in the action effect created by the live load with respect to time i interval of time I total number of time intervals in investigated time period k levels of service K total number of levels of service M R moment capacity M SLL moment created due to traffic loading M SLD moment calculated due to dead load m 1 intervention 1 n FM number of relevant failure modes in hazard P(A) probability of having a specified limit state during the investigated time period P(A i ͉B iϪt ) probability of having a specified limit state within each time interval given that the limit state has not occurred before this interval P(B iϪ1 ) probability of not having the specified limit state before time interval i P FH probability of having a limit state due to a hazard scenario P sϪFM probability of not having the specified limit state due to failure mode, FM R structural resistance S action effects created in the structure t time y R depth of the abutment foundations y S depth of scour the structural behaviour resulting in the exceedance of a defined limit state.) ț Determine limit states equations for each failure mode. The limit states equations take into consideration structural behaviour and the definition of the criteria that will result in specified levels of inadequate service. Resistance models are determined based on how the structure behaves and how this behaviour changes with respect to time. Action effect models are determined based on how the effects are created in the structure by the actions, considering when, where and the magnitude of the actions. ț Estimate probability of the specified levels of inadequate service, including determination of the appropriate probabilistic distributions to represent the variables to be considered as random in the limit states equations.
ț Determine consequences of the specified levels of inadequate service. This requires modelling user behaviour when the bridge does not provide an adequate level of service. ț Estimate risk of having inadequate service. The summation of the probability of having specified levels of inadequate service multiplied by consequences of the levels of inadequate service. ț Determination of the optimal intervention: the optimal intervention minimises the risk associated with inadequate service for the least resources.
Hazards and failure modes
The relevant hazards and failure modes that may result in different levels of inadequate service are identified through visual inspection of the bridge and engineering judgement. There may be multiple failure modes for each hazard. As it is not possible to consider all hazards or failure modes, the ones most likely to occur should be selected. By doing this it is assumed that the risks of inadequate service due to the unconsidered hazards and failure modes are negligible. Analysis excluding these hazards and failure modes will not give an exact probability of a level of inadequate service but does permit an estimation of the risk of inadequate service.
Limit states equations
The limit states equations to be considered are those that will result in a level of inadequate service, such as a speed restriction, weight restriction, single lane closure or complete bridge closure. For example, if the depth of a river bed is lowered below the depth of an abutment due to scouring during a flood, the bridge will be closed immediately for safety considerations until a more indepth analysis, or an intervention, can be performed, resulting in a level of inadequate service. The general form of a limit states equation is given in Eq. (1).
where G is the difference between the initial structural resistance, such as moment capacity, R that deteriorates with respect to time based on the type and speed of deterioration, g R (t), and the action effects, created in the structure, such as the maximum created moment, S that changes with respect to time, g S (t). If the structural resistance and action effects do not change with respect to time, i.e. the hazard is time independent, g R (t) and g S (t), are equal to 1.
Resistance
The resistance of a bridge (Rg R (t) in Eq. (1)) is based on its type of structural system, structural dimensions and material properties, and their rates of change. The changes in structural dimensions or material properties can be incorporated into limit states equations by taking into consideration the physical phenomena at work directly or by using best-fit polynomial functions representing the changes over time [1] . For example, to predict the reduction in moment capacity of a concrete Tbeam ( Fig. 1) , the corrosion of steel reinforcement can be either directly incorporated into the limit states equation (Eq. (2)) or incorporated as a best-fit polynomial representing the deterioration of the initial resistance with respect to time. where A rebar is the area of tensile reinforcement, d int the initial diameter of reinforcement, corr the rate of corrosion of the diameter of the steel reinforcement bar, b the total number of reinforcement bars, and t is time.
A comparison of the best-fit polynomial (Eq. (3)) and Eq. (2), over a 15-year period assuming a rate of corrosion, corr, of 0.05 mm/year, is shown in Fig. 2 . In this case, the best-fit polynomial is linear due to the relatively small amount of deterioration that occurs in the selected time frame.
Action effects
The severest actions to which structures are subjected are used to determine the maximum action effects in bridges and therefore, the risk of inadequate service. For time independent hazards the severest action within the investigated time period may be used to estimate the probability of having the specified limit state [2] . For example, when investigating the probability of a bridge having a specified scour depth due to flooding in a 15-year period, it may be the largest flood discharge that will occur in this 15-year period is of interest. If the cost of the intervention in different time intervals cannot be approximated as constant, however, then it will still be necessary to determine the severest actions in smaller intervals of time, e.g. 1-year intervals [3, 4] . For time dependent hazards, since the resistance of the bridge changes with respect to time, the severest actions within the investigated time period must be known continuously [5, 6] . For example, when investigating the probability that a bridge will have unacceptable flexural cracks due to traffic loading, a load that will not cause the cracks in year 1 of a 15-year period may cause the cracks in year 15 due to deterioration of the structural resistance.
Estimating the severest action, such as a truck load and flood discharge, is not in itself sufficient to evaluate the probability of specified levels of inadequate service. The effects created by the action, such as maximum expected moment in a structural member, must be determined.
Probability of specified levels of inadequate service
After the limit states equations are determined, the probability of having the specified levels of inadequate service due to different failure modes can be evaluated. The variables to be considered as random in the limit states equations must be modelled using appropriate probabilistic distributions and parameters, e.g. on the resistance side-the strength of the tensile reinforcement in a concrete beam, or the stone size of riverbed material, on the action effect side-the maximum flow of water in a river during a flood. Non-destructive and destructive tests, as well as documented literature, can be used to help determine the appropriate distributions and parameters. The uncertainty in the models used to predict the structural resistance and action effects should be included in the risk analysis. The probability distributions of interest are often extreme distributions that must be determined from the initial variate. The asymptotic theory of statistical extremes can be used to find these distributions [7] .
Once the appropriate probabilistic distributions are determined, the probability of the specified levels of inadequate service can be estimated. Two common methods used when the probability density functions representing the resistance and action effects can be assumed to be constant with respect to time are: (1) numerical integration and (2) the Monte Carlo simulation [8] . The probability of the specified levels of inadequate service due to time independent hazards is estimated using the probability density functions representing the resistance and action effects for the entire investigated time period.
When the overall time period to be investigated must be divided into smaller intervals as is the case for time independent hazards when the cost of intervention cannot be assumed to be constant, the probability of the bridge having the specified limit state during the investigated time period P(A), can be determined using
where P(A i ͉B iϪ1 ) is the probability of having a specified limit state within each time interval given that the limit state has not occurred before this interval, and P(B iϪ1 ) is the probability of not having the specified limit state before time interval i. As the resistance and the action effects change with respect to time the probability of the specified level of inadequate service in each successive time interval changes (Eq. (5)), given that the bridge survives until this interval.
Care must be taken in estimating the probability density function of the resistance in successive intervals so as not to progressively multiply the uncertainty in successive intervals. As the bridge survives successive intervals, and therefore, an increasing number of action effects, the probabilistic model of resistance must be updated to remove some of the initial uncertainty (Fig.  3 ) [6] . The mean of the resistance in Fig. 3 is assumed to deteriorate as a deterministic function of the initial resistance. The coefficient of variation of the resistance is assumed to remain constant. The prior service loads act as proof loads, i.e. it is known that the structure at the time of loading had a certain resistance [5, 9] . Fig. 4 shows the effect of deterioration on the resistance probability density function in successive years, assuming, wrongly, that the resistance R, is independent in each interval. The updated distribution of structural resistance, fЉ R (r), at time t, to be used in the determination of the probability of the specified level of inadequate service [6] is given in Eq. (6). 
The probability of surviving until each successive time interval is given in Eq. (7).
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To determine the probability of a specified level of inadequate service due to a hazard it is necessary to combine the probabilities of having the specified level of inadequate service due to each failure mode within the hazard (Eq. (8)).
In Eq. (8) it is assumed that all failure modes are statistically independent for one bridge for one hazard. This assumption is not true in reality but is made for simplicity. Multiple failure modes are generally not independent because they tend to be functions of one or more common random variables, e.g. the same truck loads or positions. If there is any correlation between failure modes Eq. (8) will be too high. If they are perfectly correlated Eq. (8) will be equal the largest probability of the specified level of inadequate service due to one failure mode. Although the assumption of independent failure modes may be a significant source of error it is expected to give reasonable approximations for P FH which are consistent with the level of accuracy needed for vulnerability assessment (i.e. an order of magnitude) and therefore the planning of optimal management strategies [10] .
Consequences of levels of inadequate service
The consequences of inadequate service are user costs. These costs for each expected level of inadequate service must be estimated to evaluate the risk of inadequate service and therefore, to determine the optimal intervention. These costs may be grouped into two categories, the user costs of travelling and the user costs of not travelling.
The user costs of travelling are comprised of vehicle operating costs, travel time costs and accident costs. They can be approximated by simulating the flow of traffic on the transportation network assuming the bridge provides the specified levels of inadequate service and comparing the costs of travel with those incurred on the fully operational network. The magnitude of the user costs is affected by the interrelation between the traffic flow (number of vehicles travelling), the road condition on which the vehicles are travelling and vehicle speed. To estimate the user costs on a network over a period of time, the traffic flow over the network links must be predicted as well as the condition of the roads on which the vehicles travel and the vehicle speeds. The specifics of this interrelation are different for different types of vehicles. The following is an example of the interrelation (illustrated in Fig. 5 ). (1) Traffic causes the deterioration of road condition (an increase in traffic results in an increase in road deterioration and roughness, at the same vehicle speed). (2) A deterioration in road condition, i.e. increased roughness, causes the desired vehicle speed to drop and therefore, slower vehicles. (3) Slower vehicles can result in increased congestion, which means a reduced link capacity and potentially fewer vehicles on the link. (4) Increased congestion may lead to a further reduction in vehicle speed. (5) Slower vehicle speeds may result in a slower deterioration of the road condition. (6) Road condition affects the drivers' route choice and therefore, the number of vehicles travelling on the road, and so on. A good illustration of this interrelation can be found in Ref. [11] .
The user costs of not travelling are the loss of the benefits of travelling minus the savings in travel costs. The maximum yearly monetary benefit from travelling on the transportation network cannot be more than the gross domestic product (GDP), and since not all of the GDP, however, relies on the use of the transportation network, it is reasonable to assume that the loss of not being able to use the network can be expressed as a percentage of GDP. GDP is a measure of a country's domestic production of goods and services over the course of a year, not directly including unreported activities, such as unpaid housework or unreported activities. An economic analysis is required to determine the percentage loss of GDP due to a level of inadequate service.
The expected user costs during an investigated time period due to inadequate service depend on when the level of inadequate service occurs as well as the duration of the inadequate service. For example, if a vehicle is detoured on a newly paved road the vehicle operating costs will be lower than if it is detoured on a paved road 15 years after it was paved. To consider the change in user costs with respect to road deterioration, the probability and cost of inadequate service for all intervals that may be considered constant throughout the investigated time period, must be determined.
Risk of inadequate service
The risk of inadequate service is the summation of the probability of having each specified level of inadequate service multiplied by the consequences of that level of service, in each time interval that may be considered as constant throughout the investigated time period (Eq. (9)).
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Optimal intervention
Using a risk-based approach, the optimal bridge intervention is the one that collectively minimizes the risk of inadequate service and allocated resources. To determine the optimal intervention the costs and benefits, reduction of risks, associated with each possible intervention must be evaluated. Four methods that can be used to compare these interventions are: (1) the present worth method, (2) the equivalent uniform cost method, (3) the rate of return method, and (4) the benefit-cost ratio method [12, 13] . Each of these methods reduces the costs over an investigated time period to a common base for comparison. Since the costs must be compared over an investigated time period, i.e. the costs in year 15 of an investigated time period must be compared with the costs in year 1, the value of money in each year must be considered.
The change in the value of money with time is known as the discount rate.
Illustrative example
The example bridge has five simple spans of 12 m in length and traverses a perennial stream Fig. 6. 
Hazards and failure modes
Two hazards are investigated: the traffic hazard (traffic loads may surpass the carrying capacity of the bridge), and the flood hazard (excessive scour during a flood may lead to foundation failure). The failure mode investigated for the traffic hazard is the yielding of tensile reinforcement in a concrete T-beam in one span. The failure mode investigated for the flood hazard is abutment scour at one abutment.
Limit states equations
The general limit states equation for the concrete Tbeam flexural failure mode is
where M R is the moment capacity, M SLL the moment created due to traffic loading, M SLD the moment created due to dead load, g R (t) the change in structural resistance with respect to time, and g SLL (t) and g SDL (t) are the changes in the moment created due to traffic loading and dead load, respectively. Only the general form of the limit states equation is used in this example. The moment capacity of the beam M R , over a 15-year period deteriorates as shown in Fig.  2 . The maximum moment created in the beam is assumed to be constant, i.e. not time dependent.
The general limit state equation for abutment scour is
where y R depth of the abutment foundations and y S is the depth of scour The bridge resistance to scour is the abutment depth. It is assumed that failure occurs when the scour depth equals the depth of the abutment. The abutment depth and the maximum flood, in this example, do not change with time. Determination of scour depth (action effect) depends on the magnitude of the expected discharge (action), the relationship between flow and river height (the river rating curve), and site characteristics, such as soil type, river direction and river gradient.
Probabilities of the specified levels of inadequate service
The distributions and parameters (mean, x, and coefficient of variation, c.o.v.) for the variables in the limit states equations are given for the traffic and flood hazards in Tables 1 and 2 , respectively. The distributions used represent the maximum expected action effects in a 1-year period. The probabilities of having inadequate service in each of the 15-year period for the example bridge due to the traffic and flood hazards are given in Figs 7 and 8, respectively. Since only one failure mode per hazard is considered, it is not necessary to combine failure modes to determine the probability of inadequate service due to a hazard. 
Consequences of levels of inadequate service
If there is inadequate service due to the traffic hazard so that an intervention must be performed on the bridge, one lane will be closed for 1 month and then the other lane will be closed for 1 month, therefore, for 2 months following exceedance of the service criterion only one lane will be open to traffic. This will result in a restriction to traffic flow. This assumption can be made because interventions to strengthen the load carrying capacity of a bridge can be planned in such a way that complete closure of the bridge is not required. For this illustration it is assumed that closing one lane of traffic for 2 months will cost 2 million in the first year and will increase to 3.4 million as shown in Table 3 .
If there is inadequate service due to the flood hazard, the entire bridge will be closed, i.e. both the lanes. Once the scour depth is greater than the abutment depth, the bridge will be closed immediately so further investigation can be done. This will result in forced detours for the users of the bridge. It is assumed that the bridge will be closed for 4 months while a new abutment is put in place. For this illustration it is assumed that the forced detours will cost 5 million in the first year and will increase to 7.8 million in the year 15 as shown in Table 3 .
Risk of inadequate service
The risk of inadequate service is calculated as the probability of each specified level of inadequate service multiplied by the consequences of each specified level of inadequate service in each time interval throughout the investigated time period (Eq. (12)) Risk of inadequate service ϭ I i ϭ 1 (probability m1 ϫ consequences m1 ϩ probability m2 (12) ϫ consequences m2 )
where the subscript 1 denotes having only one lane closed and subscript 2 denotes having both lanes closed. It is assumed that the bridge can only fail once in the investigated time period. This is a reasonable assumption because once closed for a major intervention, the bridge would be fixed with regards to all hazards. The risk due to the traffic and flood hazards are 142 × 10 3 and 262×10 3 , respectively (Table 3) . 
Optimal intervention
The two interventions for the example bridge are: (1) a strengthening of the concrete beam in flexure and (2) the replacement of the existing abutment with a new deeper abutment. Each of the interventions is expected to reduce the probability of the respective level of inadequate service to 1 × 10 Ϫ7 in each of the years in the investigated time period. This reduces the risk of inadequate service to the traffic hazard from 142 × 10 3 to 4.05 (Table 4) , and the risk of inadequate service to the flood hazard from 262 × 10 3 to 9.6 (Table 5) . hazards. A risk-based approach requires the determination of the likely 'levels of service' to be provided by the bridge (e.g. both lanes of traffic open, only one lane of traffic open or both lanes closed), the evaluation of the probability of having these levels of service due to the multiple hazards as well as the consequences of each of these levels of service, and selecting the interventions to minimise risk. An incorporation of a risk-based approach into bridge management systems will provide decision makers with a more complete tool to help them development optimal management strategies for their bridges that are subject to multiple hazards.
